This work aims to extract optical parameters of coastal sea water with high sediment and chlorophyll content by fitting reflectance spectra to a model. Sea-truth water sampling campaigns were carried out from Dec 1996 to Dec 1999 in coastal waters around Singapore. In-situ reflectance spectra were acquired using a portable spectroradiometer. Laboratory measurement of the total suspended solid (TSS) and chlorophyll-a (Chl-a) were made from the water samples. The Chl-a concentration ranges from 1 to 90 mg/m 3 , with an average value of about 10 mg/m 3 . The three component model for sea water was used to model the reflectance spectra. The model also includes chlorophyll fluorescence and surface reflection due to skylight. Each reflectance spectrum is fitted to the model by finding a set of the fitting parameters that best fits the reflectance curve to the model. The downhill simplex method is employed as the optimization procedure. The chlorophyll absorption coefficient at 440 nm is retrieved and is found to relate to the measured chl-a concentration by a power law relation.
INTRODUCTION
The color of sea water depends on the scattering and absorption properties of the constituents of the water. Conversely, by measuring the reflectance spectra of sea water, the optical properties of the sea water constituents can be retrieved. The optical properties of the sea waters are usually modeled by the three component model 1, 2 where the absorption and scattering coefficients of sea waters are determined by the concentrations of the gelbstof or colored dissolved organic matter (CDOM), phytoplanktons and non-chlorophyllous particles. Of these constituents, the phytoplankton concentration and its spatial distribution is of particular interest to the marine scientists and those involved in the fishery industry.
Several algorithms exist for the retrieval of the concentrations of water constituents. A basic algorithm used to determine the chlorophyll concentration is based on the ratio of radiance or reflectance measured in the blue and green spectral bands. Such algorithms are used by SeaWiFS and CZCS satellite-borne ocean color sensors 3 . A polynomial is usually used to represent the relation between the logarithm of the band ratios and the logarithm of chlorophyll concentration. The coefficients of the polynomial are found by regression between the band ratios and the sea-truth value of chlorophyll concentration measured from water samples taken at various places. This method based on band ratios works reasonably well in case I waters, where chlorophyll and covarying substances such as detritus determine the optical properties 4 . Most of the open ocean belongs to this category. Case II waters are characterized by high concentrations of chlorophyll, gelbstof and suspended matter. The scattering and absorption characteristics are now determined not only by chlorophyll, but also by gelbstof and non-chlorophyllous suspended matters. Coastal sea waters are typically case II waters. The simple band ratio algorithms do not work well for this category of waters 2 .
In order to retrieve the concentrations of the various constituents from optical reflectance, the contributions of each of these constituents to the reflectance spectra must be separated out. The dependence of reflected radiance or reflectance on the water constituents is not linear. Hence, the linear spectral unmixing methods commonly used in remote sensing of land cover are not expected to work well in this case. The physical process of radiative transfer in water needs to be considered * liew_soo_chin@nus.edu.sg; phone +65 8745069; fax +65 7757717; http://www.crisp.nus.edu.sg; Centre for Remote Imaging, Sensing and Processing, National University of Singapore, Blk. S17/SOC-1 Level 2, Lower Kent Ridge Road, Singapore 119260, Republic of Singapore. in order to understand how the absorption and scattering properties of the various constituents influence the reflected radiance and the reflectance. The inverse modeling technique has been used for retrieving the concentration of the water constituents 5, 6, . In this method, a computational model, usually based on a model of radiative transfer, is used to generate a reflectance spectrum, given a set of parameters including the concentrations of water constituents and other parameters affecting the reflectance. The actually measured reflectance spectrum is compared with this computed spectrum. The deviation between the computed and measured spectra is minimized by varying the input parameters to the model, with the help of an optimizing procedure. The concentrations that produce the minimum deviation is then taken as the retrieved concentration values.
In this paper, the reflectance spectra of coastal sea waters around Singapore acquired by a handheld spectroradiometer are modeled by an analytical model. Laboratory measurement of the total suspended solid (TSS) and chlorophyll-a (Chl-a) were made from the water samples. The reflectance model includes scattering and absorption by water, phytoplanktons, gelbstoff and detritus. Chlorophyll fluorescence and effects of surface reflection by skylight are also modeled, but other nonelastic scattering such as Raman scattering is excluded. The downhill simplex method of optimization is used. This method has good convergence properties, but is somewhat computationally intensive.
REFLECTANCE MODEL
The wavelength dependent remote sensing reflectance is defined as the ratio of the upwelling radiance L u to downwelling irradiance E d just above the water surface,
It is a measure of how much of the downwelling light incident on the water surface is returned upward along a specified direction so that it can be detected by a sensor located above the water surface. The most rigorous way of computing remote sensing reflectance is through the solution of the radiative transfer equations in water and through the air-water interface 7, 8 . The solution depends on the absorption and scattering (both elastic and inelastic) of light by water and its constituents, as well as the transfer of light into and out of the air-water boundary. The upwelling water leaving radiance is often contaminated by the reflection of light at the water surface due to the skylight input 9, 10, 11 . It is also dependent on the illuminating and imaging geometry, the surface roughness condition of the seawater and other environmental variables 12 . Due to these complex conditions and the nonlinear nature of light-water interaction, an exact analytical solution of the radiative transfer equations is not available. Monte Carlo simulation and numerical methods can be employed to obtain the reflectance 7, 8 .
Numerically solving the radiative transfer equation gives an accurate solution, but it is often computationally intensive and is not easily adaptable for use in inverse modeling. For the purpose of inverse modeling, it is desirable to employ an analytical solution that approximates the exact solution. Using the quasi-single-scattering approximation, and ignoring any transpectral processes such as fluorescence and Raman scattering, the sea water reflectance can be shown to depend on the inherent optical properties according to 13, 14, 15 .
where b b (λ) is the backscattering coefficient and a(λ) is the absorption coefficient of the sea water. The parameter K is approximately wavelength independent, and is dependent on the environmental variables such as the surface roughness, solar zenith angle, sky condition (e.g. sunny or overcast), and instrumental viewing angles. When chlorophyll fluorescence and the effects of surface reflection are taken into account, the reflectance equation can be written as
The contribution due to chlorophyll fluorescence is modeled by the term ) (λ is due to the sky light and sun glitter input.
In this work, we use Equation (3) as the basis of our inverse modeling. The absorption coefficient a(λ) is modeled by the sum of absorption coefficients due to water (w), phytoplankton (φ) and gelbstoff (g),
The backscattering coefficient is the sum of backscattering contributed by water and particulate matters ( p),
The absorption and backscattering coefficients of water are taken from published tabulated values 16, 17 . The absorption coefficient of gelbstof is modeled by an exponential relation 18 
where G is the gelbstoff absorption at 440 nm, and the wavelength λ is measured in nm. The model for the phytoplankton absorption coefficient is adapted from an empirical model in Lee et al. 19 , ) ( ) ( ) (
The basis functions for chlorophyll absorption ) ( 0 λ a and ) ( 1 λ a are taken from the tabulated values in Lee et al. 19 . The parameter P 0 is the phytoplankton absorption coefficient at 440 nm, which varies with the chlorophyll concentration. The parameter P 1 is taken as an independent variable here. Its variation with P 0 will be found by regression. The particulate backscattering coefficient is modeled by an inverse power law,
where X is the backscattering coefficients of particulates at 440 nm, and the exponent y gives an indication of the size of particles.
Chlorophyll fluorescence is manifested as an elevation in the reflectance near to the fluorescence peak around 685 nm. This component is modeled by a gaussian function
with a peak at λ p =685nm and a width at half-maximum of w=25nm. The sky-light and sun-glitter contributions are modeled by 10 (10) where the first two terms are due respectively to the Rayleigh and aerosol scattering components of the sky-light. The constant term C accounts for the sun-glitter.
There are altogether twelve parameters in the model, i.e. K, P 0 , P 1 , G, S, X, y, F, A, B, C and β. Of these parameters, P 0 , and G are the absorption coefficients at 440 nm of phytoplanktons and gelbstof respectively, X is the backscattering coefficients of particulates at 440 nm.
METHODS
The field data were acquired during field trips from Dec 1996 to Dec 1999 in coastal waters around Singapore. In-situ reflectance spectra were acquired using a portable spectroradiometer (model GER 1500). Reflectance data were measured in-situ, and water samples were brought back to the laboratory for analysis of chlorophyll and total suspended sediments. The Chl-a concentration ranges from 1 to 90 mg/m . The spectroradiometer used for radiance measurement has a wavelength rasolution of about 1.5 nm, covering the wavelength region from 350 nm to 1050 nm. The detected radiance from the sea surface was normalized by the radiance reflected off the surface of a reference white plate to obtain the reflectance of the sea surface. The reflectance spectra were resampled to a 2-nm wavelength interval, and the portion from 400 to 800 nm was used for fitting. In the inverse modeling, each measured reflectance spectrum is fitted to the reflectance model described by Equation (3) . Each reflectance spectrum is fitted to the model by finding a set of the fitting para meters that best fits the reflectance curve to the model. The downhill simplex method 22 is used to find the optimized parameters in the curve fitting procedure. The routines in ref. 22 were modified to impose constraints on the minimum and maximum values for each of the parameters.
RESULTS AND DISCUSSIONS
Typical results of inverse modeling are shown in Figure 1 for two sets of reflectance spectra measured at two different occasions. The first set (A) has average chlorophyll concentration (17.4 mg/m 3 ) but high suspended sediment content (74.1 g/m 3 ). The second set (B) is acquired from relatively clear sea water, which has low chlorphyll (3.8 mg/m 3 ) and low suspended sediment (2.3 g/m 3 ) concentrations. Each set consists of four individual spectra measured at the same general location. All spectra from the same set generally have the same shape, but differ in magnitude. They seem to be riding on some offset values that vary slowly with wavelength, due to the effects of sky-light reflection from the water surface. On the right panel of Figure 1 , one of the spectrum from each set is plotted together with its best fit spectrum calculated from the analytical reflectance model (equation 3). The deviation between the measured and calculated spectra is so small that they are practically indistinguishable when plotted at this scale. The best-fit parameters that produce the smallest deviations for each of the spectra are tabulated in Table 1 where R meas (λ I ) and R calc (λ I ) are respectively the measured and calculated reflectance at the I-th wavelength channel, N is the number of wavelength channels in each spectrum, and σ is the noise value of the measured reflectance, estimated to be 0.1% in this case.
The left panel of Figure 2 shows the two sets of reflectance spectra, after corrected for skylight surface reflection and subtracting away the chlorophyll fluorescence contribution. The corrected spectra are also normalized by the retrieved values of the parameter K and adjusted so that all spectra plotted have an effective value of K = 33%. Sky-light surface reflection component of each of the measured reflectance spectra shown in Fig. 1 The measured reflectance spectra shown in Figure 1 are the typical spectra for relatively clear waters (B) and sediment and chlorophyll loaded waters (A). In both cases, the absorption by gelbstof (average value of G = 0.29 m -1 for A and 0.38 m -1 for B) contributes to the suppression in the blue reflectance. Chlorophyll absorption is manifested as a depression in the measured spectra (for set A) around the 674 nm wavelength region. The values of the parameters P 0 (chlorophyll absorption at 440 nm) and F (chlorophyll fluorescent component at 682 nm in the measured reflectance) show the expected variation with Chl-a, i.e. they are higher in A than B. The chlorophyll fluorescence parameter (F) seems to be more sensitive to an increase in chlorophyll than the absorption parameter (P 0 ). The particulate scattering parameter (X) does not seem to be sensitive to sediment loading. Although the sediment load of A is about 30 times that of B, the values of the parameter X differs by only a factor of about 5. The values of the scattering exponent y averaged about 2.2 in B and 0 in A. This exponent is an indication of the particle size of the sediment. At low concentration, the sediment in A probably consists of fine particles, giving rise to a higher exponent while the sediments in B probably congregate into larger particles that scatter light equally in all wavelength.
The retrieved values of A, B, C and β can be used to correct for the contamination from sky light reflection from the water surface. The corrected spectra shown in Figure 2 also have the chlorophyll fluorescence component subtracted. They thus represent the reflectance due to the diffuse water leaving radiance. It can be seen that the reflectance in the near infrared region (> 750 nm) diminishes to zero for the clear waters (B), while the sediment loaded waters show a slight elevation in the reflectance at around 800 nm, due to scattering by the sediment particles.
The curve-fitting procedure was applied to all spectra measured. Altogether 53 sets of reflectance spectra were analysed, with 5 to 15 spectra in each set. For each set of spectra, the mean values of P 0 , P 1 , G, and X were evaluated. The variation of these mean values are plotted versus Chl-a and TSS. Figure 3 shows the scatter plot of the chlorophyll absorption at 440 nm (P 0 ) versus the measured chlorophyll concentration. The log-log plot can be fitted by a straight line, showing a power law relationship between P 0 and Chl-a. The relation is of the form, 
with A = 0.0096 ± 0.0027, and b = 1.29 ± 0.07. In Figure 4 , a similar plot for the chlorophyll fluoresence component (F) is shown. The parameter F is seen to vary with Chl-a according to the relation of the form
with A = 0.070 ± 0.007, and b = 0.52 ± 0.03. The scatter of F versus Chl-a seems to have less spread than that for P 0 .
The particulate scattering parameter X exhibits a weak correlation with the total suspended sediment concentration, while it is not correlated with chlorophyll concentration. The parameter X tends to covary with TSS, but there with a wide spread. The scatter plots of X versus TSS and Chl-a are shown in Figure 5 and Figure 6 respectively.
The value of the gelbstof absorption coefficient at 440 nm (G) does not vary with both the TSS and Chl-a for all the data set. It fluctuates around the average value of 0.48 m -1 with a standard deviation of 0.25 m -1 (see Figure 7 and Figure 8 ).
CONCLUDING REMARKS
An analytical model based on the quasi-single scattering approximation for spectral reflectance of sea water in terms of its inherent optical properties (equation 3) is applied to the coastal waters around Singapore. The model can reproduce the measured reflectance spectra, given a set of suitably chosen parameters. In the inverse modeling procedure, the set of parameter values is found by minimizing the deviation between the measured spectrum and the calculated spectrum. The parameters retrieved include the absorption and backscattering coefficients at 440 nm of the water constituents, viz. phytoplankton, gelbstof and suspended particulates. The downhill simplex method is found to work very well for retrieving the best-fit parameters. The retrieved phytoplankton absorption coefficient at 440 nm and the chlorophyll fluorescence contribution to the reflectance at 682 nm correlate well with the measured chlorophyll concentration. The correlation seems to be better for chlorophyll fluorescence than absorption. The relations between the two parameters and chlorophyll concentration can be used for retrival of chlorophyll concentration from the measured reflectance spectra. The phytoplankton absorption basis functions in equaiton (7) are taken from Lee et al.
19
. These functions were determined empirically from the measurements of phytoplankton absorption in their sampling locations. Our results show that these functions are also applicable for use in the coastal water around Singapore. However, the accuracy of retrieval may be improved if more appropriate basis functions could be determined based on the types of phytoplanktons commonly existing in the local waters.
